With continued improvements in surgical techniques, biometry, and intraocular lens (IOL) technology, cataract surgeons have for some time been capable of consistently achieving highly accurate quantitative refractive results following cataract/lens replacement surgery. We know we can improve an individual's vision from 20/400 to 20/20, for example.
The modern cataract surgeon, however, is now embarking on the quest for "perfect vision" beyond a simple 20/20 standard. This does not necessarily mean getting the patient to 20/10. Rather, it means that we have started paying attention to other aspects of vision beyond Snellen acuity, such as contrast sensitivity and wavefront error, in order to achieve the highest possible quality of vision. Cataract surgeons are becoming refractive surgeons, and IOL manufacturers are beginning to incorporate advanced refractive technology toward the same objective.
Aspheric IOLs are the first new technology IOLs to reflect the refractive shift in cataract surgery.
The ImporTance of aspherIcITy
A decade ago, Jack Holladay introduced us to the importance of asphericity in his famous discussion of the vision of frogs and eagles. Glasser and Campbell had shown that spherical aberration (SA) of the crystalline lens changes considerably with age, moving from a negative SA value to a positive one. 1 Jack Holladay further demonstrated that side effects of myopic LASIK were likely due to the fact that the procedure turned a prolate human eye into an oblate one, with a sphericity or Q-value more akin to that of a frog than of a predator eagle. 2 The role of SA in the aging eye suddenly became much more interesting.
The average sphericity of the normal human cornea is positive and remains stable throughout life, but the lens SA changes with age. In the young eye, the negative SA of the crystalline lens balances the positive SA of the cornea, resulting in zero or very low total ocular SA. 3 Light is sharply focused on the retina, producing a quality image and good functional vision ( Figure 13-1) . But in older eyes, the crystalline lens loses the ability to compensate for corneal SA, total ocular SA becomes increasingly positive, and the resulting aberrations cause blurred vision and reduced contrast sensitivity, affecting functional vision ( Figure  13-2) .
We also know that with age, contrast sensitivity decreases, first at the higher spatial frequencies, then at all the spatial frequencies 4 ( Figure 13-3 ).
The loss of functional vision can decrease quality of life and compromise driving safety even with continued good Snellen acuity. And of course, the onset of cataract exacerbates any pre-existing functional vision problems. Traditional spherical IOLs typically add positive SA, keeping total SA similar to that found in the aging natural lens.
Some people have argued that an advantage of positive SA in the aging eye is an increased depth of focus. The corollary to that, of course, would be that sharpening distance vision by correcting SA with an aspheric IOL might worsen near and intermediate vision. Certainly, this is a concern for anyone who wants his or her patients to be satisfied with their entire visual experience after IOL surgery.
However, several recent publications refute this argument. Jack Holladay points out that spherical and aspheric lenses do not differ at all in the depth of focus, but only in the clarity of best focus. 5 Additionally, he says that slightly negative SA may actually have an accommodative effect when the pupil constricts for near tasks, depending on the lens that is used. Nishi also shows a significant negative correlation between range of accommodation and SA. 6 In other words, lower SA is correlated with better accommodation. Finally, Wang and Koch recently demonstrated that when all aberrations are corrected, eyes with zero SA have the best depth of focus. 7 If SA was not zero, they also found that slightly negative SA, rather than slightly positive SA, provided better depth of focus.
InTroducTIon of The fIrsT aspherIc InTraocular lens
Recognizing that a reduction in total ocular SA could potentially improve contrast sensitivity in the aging eye, optical scientists set out to create an IOL that could rebalance total ocular SA.
Corneal topography measurements on 71 cataract patients showed that the average SA of the human cornea was +0.27 microns. 8 This was subsequently confirmed in several other studies.
9,10 A model cornea based on these measurements was used to design IOLs having a fixed amount of negative SA to compensate for the positive SA of the average human cornea.
From these modeling experiments, the Tecnis Z9000 wavefront-designed IOL (AMO, Santa Ana, CA) was born. In testing of 25 patients aged 60 and older implanted with the Tecnis aspheric IOL, total ocular SA was not significantly different from zero, so the lens is effective in reaching the intended target.
A prospective randomized study showed a nearly 78% gain in peak contrast sensitivity with the new lens, with mesopic contrast sensitivity approximately equivalent to photopic contrast sensitivity with a spherical lens 11 ( Figure 13-4) . Early European studies also showed that it could improve visual quality. 12, 13 In controlled, multicenter, US clinical trials (n=78), SA was significantly less 3 months post-implantation of the Tecnis lens than after implantation of a spherical acrylic IOL. The benefit was independent of age 14 ( Figure 13-5) .
Driving simulations were also conducted as part of the US Food and Drug Administration (FDA) clinical trials to determine the impact of the lens on functional vision. Patients viewing a simulated nighttime rural road through a Tecnis aspheric lens identified a pedestrian in the road significantly faster than patients viewing through a spherical lens.
14 On average, patients with Tecnis lenses saw the pedestrian 0.50 seconds sooner than the spherical IOL patients, which gave them a 45-foot advantage to react to the hazard in the road. Many recent vehicular safety improvements that are now standard on automobiles improve braking time by just 0.11 to 0.35 seconds.
The FDA approved the Tecnis lens in 2004, with the unprecedented claim that it was likely to offer a meaningful safety benefit for elderly drivers and others with whom they share the road. Moreover, the improvement in functional vision may improve patient safety for other situations in which visibility is low.
Since then, it has been shown that this lens provides uncorrected and distance-corrected near visual acuity similar to that obtained with standard spherical monofocal lenses, so there does not appear to be any loss of depth of focus from correction of the positive SA. Some studies have shown that Navy aviators with excellent visual abilities have small amounts of SA, so in theory, leaving a small amount of residual SA might be a good thing. However, Steve Schallhorn, who conducted the pilot studies, continues to believe that striving for zero SA remains the most effective target. In his aviator studies, those subjects with SA closer to zero had better mesopic contrast acuity than their fellow pilots with higher SA. 16 Other human studies have also shown that superior youthful vision is associated with zero SA. Pablo Artal . Doug Koch recently reported that even though optimal ocular and IOL SA varies widely among eyes, most emmetropic eyes achieved the best image quality with a 6.0-mm pupil when total ocular SA is between -0.10 to 0.00 microns. 7 McCulley and colleagues showed that the Acrysof IQ aspheric lens reduces the positive ocular spherical aberration observed in pseudophakic and elderly eyes, especially at larger pupillary diameters (6 mm), with no notable increase in coma. 17 With a 6.0-mm pupil, total SA post-implantation was very close to predicted levels, at 0.09 ± 0.04 microns, compared to 0.43 ± 0.12 microns for patients implanted with Acrysof spherical IOLs (p<0.0001).
In a recent prospective study, the aspheric IQ lens provided significantly better contrast sensitivity at all spatial frequencies during mesopic testing, with and without glare, than two other spherical Acrysof lenses. 18 A third aspheric IOL, the Sofport AO (LI61AO, Bausch & Lomb, Rochester, NY) was designed to be SA neutral, not adding to or subtracting from the corneal SA.
Because the AO lens has no relationship to the average or actual SA in the eye, it may be less dependent on centration. Nichamin and colleagues found that the optical performance of a model eye was not affected by decentration of the AO, even when the lens was decentered by as much as 1.00 mm. 19 In this decentration model, the lens performed better than both a spherical IOL and an aspheric IOL designed to offset SA (Tecnis).
Tolerance levels for the Tecnis aspheric lens require that it be decentered less than 0.4 mm and tilted less than 7 degrees in order to provide optical performance superior to that of a spherical lens. Newer studies have shown that the above values applied to monochromatic light only. In a more real-world situation where polychromatic light is present, the above values nearly double, with about 0.8 mm of decentration and more than 10 degrees of tilt being tolerated. 20 A number of published studies over the past decade or more have shown that with a continuous curvilinear capsulorrhexis and in-the-bag IOL placement, modern cataract surgery is typically well within such tolerance limits. [21] [22] [23] comparIson sTudy I am conducting a monocular, randomized, double-masked, parallel group study comparing the three aspheric IOLs in our practice. To date, 79 subjects have been enrolled and randomized to the SofPort AO, the Acrysof IQ, or the Tecnis IOL, without regard to preoperative corneal SA. Enrollment and follow-up are ongoing.
Thus far, Snellen visual acuity outcomes have been uniformly excellent, with an average postoperative best corrected visual acuity better than 20/20 in all three lens groups.
Of course, we are very interested in what happens to SA in these eyes. At 3 months postoperative, with a 5.0-mm pupil, patients with the Tecnis (0.01) and Acrysof IQ (0.04) lenses had statistically significantly less SA than patients with the SofPort AO (0.11). The Tecnis aspheric-and, to a lesser degree, the IQ lens-effectively compensates for the SA in the average eye.
We are also interested in measures of the quality of vision under low contrast or low light conditions where we would expect SA to be problematic. There are significant differences in contrast sensitivity at 3 and 18 cycles per degree favoring the Tecnis lens, under both mesopic (Figure 13-6 ) and photopic ( Figure 13-7) conditions.
surgIcal pearls
In almost all situations in which a monofocal lens is to be implanted, an aspheric lens will provide the highest quality vision-and may even improve Snellen visual acuity, as our anecdotal experience seems to suggest. The one exception to this rule is the patient who has had previous hyperopic laser refractive surgery. If the correction was for significant hyperopia (+2.0 diopters or greater), the cornea will already have low or negative SA, and an aspheric lens implant can actually increase the total negative SA of the ocular system. Some surgeons may prefer to measure corneal SA preoperatively and base their lens decision on which of the three aspheric lenses is the most likely to bring the patient's total SA back into balance at zero. For the majority of patients, the Tecnis IOL is the most likely to achieve the zero SA target.
Of course, in addition to choosing an appropriate aspheric IOL, surgeons should also take care to maximize visual function with these lenses by fully correcting lower order aberrations. This requires the use of optimized IOL constants for biometry and correction of astigmatism with limbal relaxing incisions or by other means.
A good surgical technique with appropriate capsulorrhexis and in-the-bag positioning is important. Onepiece and three-piece aspheric lenses are available. To maintain adequate centration during a complicated case, such as one in which there is a break in the capsular bag that requires sulcus placement, a three-piece lens is necessary.
Because these lenses have aspheric surfaces on only one side, I have often been asked what would happen if the lens is implanted upside down. The answer is that the patient will still benefit from the asphericity of the lens, although the refraction may be off.
conclusIon
Aspheric IOLs are here to stay and are rapidly becoming the standard of care because they can potentially provide superior optical quality, especially in low light and low contrast situations.
I believe that aspheric IOLs represent the first truly refractive IOLs. They offer an easy way for the general cataract surgeon to begin making the transition to refractive cataract surgeon. Once one has implemented the steps necessary for implanting aspheric lenses (eg, precision biometry, correction of preoperative astigmatism at the time of surgery), one can more easily consider other premium IOLs, including those with multifocal or accommodating surfaces.
As we develop better ways of measuring preoperative corneal SA, we may find ourselves customizing the IOL to not only the axial length, but also to the patient's individual corneal SA, in an attempt to optimize vision. And, farther in the future, we may be customizing IOLs to a whole range of quality of vision factors as the quest for "perfect vision" evolves. 
